Polycystin 1 and polycystin 2 are large transmembrane proteins, which, when mutated, cause autosomal dominant polycystic kidney disease (ADPKD), a highly prevalent human genetic disease. The polycystins are thought to form a receptor-calcium channel complex in the plasma membrane of renal epithelial cells and elicit a calcium influx in response to mechanical stimulation, such as fluid flow across the apical surface of renal epithelial cells. The functional role of the polycystins in mechanosensation remains largely unknown. Here, we found that myocyte enhancer factor 2C (MEF2C) and histone deacetylase 5 (HDAC5), two key regulators of cardiac hypertrophy, are targets of polycystin-dependent fluid stress sensing in renal epithelial cells in mice. We show that fluid flow stimulation of polarized epithelial monolayers induced phosphorylation and nuclear export of HDAC5, which are crucial events in the activation of MEF2C-based transcription. Kidney-specific knockout of Mef2c, or genetrap-inactivation of a MEF2C transcriptional target, MIM, resulted in extensive renal tubule dilation and cysts, whereas Hdac5 heterozygosity or treatment with TSA, an HDAC inhibitor, reduced cyst formation in Pkd2 -/-mouse embryos. These findings suggest a common signaling motif between myocardial hypertrophy and maintenance of renal epithelial architecture, and a potential therapeutic approach to treat ADPKD.
INTRODUCTION
During renal development, nephron formation relies on coordinated regulation of cell proliferation, cell polarity, differentiation and apoptosis. Epithelial cell organization is disrupted in autosomal dominant polycystic kidney disease (ADPKD) kidneys, where numerous fluid-filled cysts develop as a result of aberrant cell proliferation, loss of planar cell polarity and transepithelial fluid secretion and changes of epithelial cell polarity and cytoskeleton (Grantham, 2003; Wilson and Goilav, 2007) . ADPKD is caused by mutations in PKD1 or PKD2, which encode polycystin 1 (PC1) and polycystin 2 (PC2), respectively (Mochizuki et al., 1996; Rossetti et al., 2001; Watnick and Germino, 1999) . PC1 is a large G-proteincoupled receptor-like protein with a complex array of functions and has been shown to bind polycystin 2 (PC2), a TRP calcium channel, through a COOH-terminal coiled-coil region (Boletta and Germino, 2003) .
PC1 and PC2 localize to a number of cellular compartments such as the primary cilia, microtubule-based structures that extend from the apical surface of epithelial cells into the tubule lumen (Berbari et al., 2009; Eley et al., 2005) , as well as other epithelial surfaces, and PC2 associates prominently with the endoplasmic reticulum (ER) (reviewed in Wilson and Goilav, 2007) . The cilia localization has gained the most attention as physical bending of the primary cilia or fluid flow across the apical surface of epithelial cells caused an increase in intracellular Ca 2+ (Praetorius and Spring, 2001) . Later studies showed that polycystins are required for the fluid flowinduced Ca 2+ influx, suggesting that these proteins, possibly through their association with cilia, function as mechanosensors (Grimm et al., 2002; Nauli et al., 2003) . However, conditional inactivation of genes required for ciliogenesis in adult mice did not lead to rapid development of cysts despite the loss of primary cilia (Davenport et al., 2007; Patel et al., 2008) . These findings cast doubts on whether the loss of mechanosensory function mediated by the primary cilia is responsible for cyst formation.
Despite a lack of clarity on the functional location of the polycystins, loss of polycystins correlates with disruption of flowdependent intracellular calcium signaling and a reduction in steadystate intracellular Ca 2+ levels (Nauli et al., 2006; Yamaguchi et al., 2006) . Recent studies have demonstrated a role for intracellular Ca 2+ in cAMP-dependent cell proliferation. cAMP stimulates the proliferation of ADPKD cells in culture but inhibits the proliferation of normal renal cells. Incubation of normal cells with a calcium channel blocker caused a phenotypic switch such that cAMP stimulated cell proliferation. Furthermore, elevation of intracellular calcium prevented cAMP-induced hyper-proliferation of ADPKD cells (Yamaguchi et al., 2006) . Interestingly, treatment of Cy/+ rats, a PKD rat model, with a calcium channel blocker increased the progression of PKD, whereas treatment with a calcium mimetic inhibited late-stage cyst growth (Gattone et al., 2009; Nagao et al., 2008) . Signaling molecules or transcription factors, such as MAP kinases, STAT3 and ID2, have been implicated in the regulation of cell proliferation downstream of the polycystins (Bhunia et al., 2002; Li et al., 2005b; Nagao et al., 2003; Yamaguchi et al., 2003) ; however, it is unclear if these pathways are directly regulated by calcium and mechanosensory function of polycystins. Furthermore, the importance of fluid flow-induced calcium signaling through polycystins was called into question in a recent study (Köttgen et al., 2008) . Amidst these unresolved questions, elucidating molecular pathways that directly respond to the fluid flow-induced calcium signal might provide new insights into the role of polycystin mechanosensory function in the control of epithelial organization and proliferation.
In order to identify downstream targets regulated by the mechanosensory function of the polycystins, we performed an expression microarray analysis designed to detect genes that are differentially expressed in response to fluid flow shear stress in a PC1-dependent manner in polarized renal epithelial cells. This analysis identified myocyte enhancer factor 2C (Mef2c) and histone deacetylase 5 (Hdac5) among the fluid flow-responsive genes. We demonstrate that the fluid flow-dependent calcium rise leads to phosphorylation of HDAC5 and its nuclear export. These events lead to activation of MEF2C target genes, one of which is found to be missing in metastasis (MIM), a regulator of the actin cytoskeleton. Using mouse models, we present evidence that MEF2C and MIM are required for the maintenance of normal epithelial organization in the kidney and that pharmacological inhibition of HDACs might be a potentially useful therapeutic strategy to inhibit ADPKD disease progression.
MATERIALS AND METHODS

Antibodies
HDAC5 (Phospho-Ser498 human) antibody was obtained from Signalway Antibody. The non-phospho-specific anti-HDAC5 antibody and anti-MIM were purchased from Cell Signaling. Anti-MEF2C antibody was from Santa Cruz Biotechnology, Inc. Anti-PC1 antibody was a generous gift from Patricia Wilson (Wisconsin Medical College). Specific bands detected by the anti-HDAC5, anti-MIM or anti-PC1 antibody were verified against null adult kidneys or cell lines (see Fig. S1 in the supplementary material).
Fluid flow experiments
Confluent mouse embryonic kidney (MEK) cells were cultured for 1-2 additional days in the absence of interferon-g to induce optimal differentiation (Nauli et al., 2003) . Fluid [Hanks' Balanced Salt Solution with 20.0 mM HEPES buffer (pH 7.4) and 1% bovine serum albumin was used for calcium imaging and cell culture media for the other experiments] flow was applied at 0.2 ml/minute using a peristaltic pump in 35 mm dishes or 6-well plates, with tubings connected through two 18-gauge needles at opposing sides of a well (see Fig. S2A in the supplementary material). Timelapse imaging was performed on an Axiovert 200M inverted microscope (Karl Zeiss) equipped with a 20ϫ/0.8 NA Plan-Apochromat objective, a Pecon XL-3 environmental chamber (Erbach, Germany) and an AxioCam HSm r1.1 digital monochrome camera (Karl Zeiss). In drug treatments, PMA (Sigma-Aldrich) was used at 100 nM, GÖ6983 (SigmaAldrich) at 10 mM, ionomycin (Sigma-Aldrich) at 1 mM and GdCl 3 (SigmaAldrich) at 20 mM.
Computation of the flow field was performed with COMSOL Multiphysics Finite Element Software and the result is presented in Fig. S2B in the supplementary material. The total inflow is characterized by the flow rate F=0.2 ml/minute, which is nearly evenly distributed over the rectangular cross-section with dimensions 2 cm ϫ 0.5 cm, i.e. over the area A=1 cm 2 . The average velocity, v, is computed as v=F/A=0.2 cm/minute=30 mm/second, with a calculated fluid shear stress of 0.020 dyn/cm 2 . The standard deviation was estimated by integration of the calculation presented above, equaling 8 mm/second or 0.0053 dyn/cm 2 .
Microarray analysis
Biotinylated cRNA was prepared from 5 mg total RNA using the standard Affymetrix one-cycle target labeling protocol. Samples were assayed using Affymetrix GeneChip Mouse Genome 430 2.0 Arrays, comprising probe sets representing over 39,000 transcripts based on Unigene Build 107 from June 2002. Data was analyzed using the R statistical environment. Affymetrix CEL files were processed and normalized using RMA (Irizarry et al., 2003) . The linear modeling package Limma (Azzam et al., 2004 ) was used to derive gene expression coefficients using genotype and presence or absence of fluid flow as factors, and to identify differentially expressed genes. The data was also examined and characterized with GCOS and Partek (St Louis, MO) ANOVA. The data are currently accessible in the ArrayExpress database at http://www.ebi.ac.uk/microarray-as/ae/, accession number E-TABM-411.
Chromatin immunoprecipitation (ChIP) and luciferase assay
Chromatin was prepared from Flag-Mef2c-or Flag-Hdac5-expressing cells as described in the manufacturer's instructions (Upstate), with a crosslinking time of 15 minutes at 25°C and sonication to an average length of 200-700 bp. ChIP was performed using anti-Flag M2 monoclonal antibody (Sigma). Samples were analyzed by PCR. The following primers for MIM were used: forward, 5Ј-CCAGCCAGGGTTGCCATAGCCAC-3Ј and reverse, 5Ј-TGACTCTTGCAAACGGTTCAATTAGGTGC-3Ј, which flank a 1 kb region in the MIM promoter that harbor a potential MEF2 binding motif.
Luciferase assay was carried out 54 hours post-transfection using a commercial kit (Promega) and an Orin microplate luminometer. Each transfection included 200 ng of pRL-TK renilla luciferase as internal control.
RNA interference
The oligonucleotide sequences used for Mef2c RNA interference (Dharmacon) are as follows: 5Ј-GAGGAUCACCGGAACGAAU-3Ј; 5Ј-UAGUAUGUCUCCUGGUGUA-3Ј; 5Ј-GAUAAUGGAUGAGCG UA -AC-3Ј; 5Ј-CCAGAUCUCCGCGUUCUUA-3Ј. The oligonucleotides were transfected by using the DharmaFECT siRNA transfection reagent (Dharmacon).
MEK cells transduced with Pkd1 siRNA lentivitus (VIRHD/P/ siPKD13297) and control lentivirus (Battini et al., 2008) were cultured for four weeks in complete medium in the presence of puromycin. Cells were harvested and PC1 expression was analyzed by immunoblot analysis.
Mouse strains and treatment
All experiments involving higher vertebrates were approved by the Institutional Animal Care and Use Committee of the Stowers Institute for Medical Research. All mouse strains used in this study were of the C57BL/6 background. Embryonic stem (ES) cells (Baygenomics) carrying a trap in intron 1 of the MIM gene were injected into the inner cell mass of C57BL6 blastocysts. Chimeric mice with a high (65%) contribution to coat color from 129 were bred for germline transmission. 
RESULTS
Transcriptional profiling to identify potential targets of PC1-dependent mechanosensation
In order to identify pathways downstream of polycystins and the calcium signal in response to fluid shear stress, we established an in vitro system where fluid was applied using a peristaltic pump at a flow rate of 0.2 ml/minute, which correlates to an average flow rate of 30 mm/second, or calculated shear stress of 0.020 dyn/cm 2 , across polarized monolayers of kidney epithelial cells grown on collagencoated coverslips in 35 mm culture dishes or 6-well plates (see Fig.  S2A ,B in the supplementary material). This rate is within the range of flow rates observed in renal tubules and in line with a previous work examining the effect of fluid flow on calcium channel activation in epithelial cells (Praetorius and Spring, 2001 ). To monitor calcium fluxes, we used GCaMP2, a genetically coded calcium sensor that produces high signal-to-noise at physiological calcium concentrations (Nakai et al., 2001; Tallini et al., 2006) . In transfected cells expressing GCaMP2 at moderate (but not extremely high) levels, fluid flow using the setup described above induced calcium transients within 60-120 seconds after the start of the flow and, in several cells, imaged repeated calcium transients ~2 minutes apart were observed (see Fig. S3 in the supplementary material). The duration of the calcium peaks was in the range of 10-20 seconds, similar to that from single-cell measurements in a recent study using Fura-2 calcium sensor in Dolichos biflorus agglutinin (DBA)-positive mouse embryonic kidney (MEK) cells (Li et al., 2007) .
Using this experimental setup, we performed an expression microarray analysis to identify genes whose expression levels were altered in response to fluid flow in a PC1-dependent manner. To this end, Pkd1 +/+ and Pkd1 -/-MEK cell lines were used, which were established previously from the collecting ducts (DBApositive) of SV40 large T antigen-immortalized Pkd1 +/+ and Pkd1 -/-mouse embryos of the same genetic background (Li et al., 2005b; Nauli et al., 2003) . These cells were grown confluent and differentiated in culture for 1-2 days, at which point cilia were clearly present in ~40% of the cells (see Fig. S2C in the supplementary material). Analysis of triplicate RNA samples from independent experiments using the Affymetrix mouse gene chip allowed us to identify genes that were differentially regulated in response to fluid flow between Pkd1 +/+ cells and Pkd1 -/-cells.
Two different methods of analysis (ANOVA and Limma) were performed, which identified overlapping sets of genes encompassing a wide range of cellular functions, such as Gprotein signaling, cytoskeleton regulation, cell cycle control, cellmatrix interactions, transcriptional regulation, etc. (see Fig. S4 and Table S1 in the supplementary material).
Fluid flow induces HDAC5 phosphorylation, nuclear export and MEF2C target genes
We were particularly intrigued by the presence of histone deacetylase 5 (Hdac5) and myocyte enhancer factor 2C (Mef2c) among the PC1-dependent, flow-induced genes (see Table S1 in the supplementary material) because these proteins are known to function in the same pathway in the control of cardiac hypertrophy in response to stress and calcium channel activation (McKinsey et al., 2002; Olson et al., 2006) . MEF2 targets include not only structural proteins important for cardiac muscle differentiation, but also members of the MEF2 and class II HDAC families through positive-feedback loops (Haberland et al., 2007; Wang et al., 2001 ). Based on this knowledge, we reasoned that the presence of MEF2C and HDAC5 among the fluid flow-induced genes could be a reflection of activation of MEF2-based transcription downstream of the calcium rise elicited by polycystins. A well-known post-translational mechanism for stress-induced MEF2C activation in myocardial cells involves phosphorylation and nuclear export of HDAC5, which represses MEF2-dependent transcripts in the resting state (McKinsey et al., 2000) . Kinases activated by stress-induced Ca 2+ increase, such as CaM kinase and protein kinase C or D, phosphorylate HDAC5 at two 14-3-3 binding sites, an event that leads to disruption of HDAC5-MEF2C interaction and translocation of HDAC5 from the nucleus to the cytosol (McKinsey et al., 2002) . HDAC5 dissociation from MEF2C frees a binding site for the histone acetyl transferase p300/CBP, an activator of MEF2C. Mutually exclusive interaction of MEF2C with HDAC5 or p300/CBP generates a binary switch for activation of MEF2C target genes (McKinsey et al., 2001) .
We determined whether fluid flow across monolayers of MEK cells led to endogenous HDAC5 phosphorylation using a phospho-specific antibody against the HDAC5 Ser489 site (equivalent of Ser498 of human HDAC5) (Bossuyt et al., 2008) . Although the level of HDAC5 phosphorylation was low prior to fluid flow onset, an increase in phosphorylation was observed 30 minutes after the start of fluid flow and maintained for several hours thereafter (Fig. 1A,B) . The increase in HDAC5 phosphorylation was accompanied by an increase in the level of total HDAC5 (see Fig. S5A ,C in the supplementary material), consistent with the flow-induced gene expression of HDAC5 observed in the microarray analysis (see Table S1 in the supplementary material). Fluid flow-induced HDAC5 phosphorylation and increase in protein level were absent in Pkd1 -/-MEK cells ( Fig. 1A,B ; see also (Fig. 1C) , which reduced PC1 1077 RESEARCH ARTICLE Fluid stress signaling in renal epithelial cells expression by 85% (see Fig. S6 in the supplementary material). HDAC5 phosphorylation was also blocked by gadolinium (GdCl 3 ), an inhibitor of stretch-activated cation channels previously shown to inhibit fluid flow-induced calcium response (Praetorius et al., 2003) . By contrast, HDAC5 phosphorylation was induced by the calcium ionophore ionomycin in the absence of fluid flow (Fig. 1D) . Treatment with PMA, an activator of protein kinase C (PKC), stimulated HDAC5 phosphorylation in the absence of fluid flow, whereas the PKC inhibitor GÖ6983 inhibited flow-induced HDAC5 phosphorylation (Fig. 1D ). These data suggest that PC1, calcium channel activity and a PKC isoform are required for fluid flow-induced HDAC5 phosphorylation.
To determine if HDAC5 was exported from the nucleus in response to fluid flow, FLAG-MEF2C and HDAC5-GFP constructs were cotransfected into Pkd1 +/+ and Pkd1 -/-MEK cells, and both tagged proteins correctly localized to the nucleus. Stimulation of MEK cells with fluid flow for 30 minutes led to translocation of HDAC5-GFP, but not FLAG-MEF2C, from the nucleus in Pkd1 +/+ MEK cells, but not in Pkd1 -/-MEK cells ( Fig. 2A) . Time-lapse movies showed that HDAC5-GFP nuclear export initiated several minutes after the start of the flow stimulation and stayed in the cytoplasm for the duration of the observation (Fig. 2B) . By contrast, a HDAC5-GFP mutant lacking the 14-3-3 phosphorylation sites (HDAC5 S250/489A
) was not exported (Fig. 2C) , consistent with a requirement for phosphorylation of these regulatory sites in fluid flow-induced nuclear export of HDAC5. HDAC5 nuclear export also failed in Pkd1 -/-MEK cells and cells treated with GdCl 3 (Fig. 2C) or the PKC inhibitor GÖ6983, whereas treatment with PMA stimulated HDAC5 nuclear exit even without fluid flow (Fig. 2D) . These results suggest that the fluid flow-induced HDAC5 phosphorylation and nuclear export occurs in a PC1 and calcium-dependent manner and PKC is an upstream kinase required for these events. As HDAC5 phosphorylation and nuclear export are key steps in the activation of MEF2C-based transcription, we investigated a potential target of MEF2C, a gene called missing in metastasis (MIM). MIM was one of the fluid flow-induced genes in our microarray analysis, which was confirmed by northern blot analysis (see Fig. S7A in the supplementary material) . MIM is a multifunctional regulator of actin cytoskeletal dynamics (Machesky and Johnston, 2007) and was previously implicated in sonic hedgehog (SHH) signaling (Callahan et al., 2004) . Coincidentally, MIM was also among a list of potential targets of MEF2 in the heart, although its function in cardiac myocytes has not been characterized (van Oort et al., 2006) . To determine if MEF2C indeed associates with the promoter of MIM, ChIP was carried out using an anti-FLAG antibody in MEK cells transfected with FLAG-MEF2C with or without fluid flow stimulation. FLAG-MEF2C coimmunoprecipitated with a MIM promoter fragment containing a putative MEF2C binding site both in the absence or presence of fluid flow stimulation (Fig. 3A) . ChIP using an anti-FLAG antibody also showed binding of FLAG-HDAC5 to the same promoter fragment in FLAG-HDAC5-transfected MEK cells (Fig. 3A) .
To determine if MEF2C is important for MIM expression, Mef2c siRNA was introduced into wild-type MEK cells. The Mef2c siRNA knocked down Mef2c expression, as determined by qPCR, to 38% of that in cells transfected with a control siRNA, and MIM expression was reduced to 40% of that in the control cells (Fig. 3B) . To test if MEF2C can indeed activate the MIM promoter, a 2 kb promoter fragment of MIM was cloned upstream of the luciferase
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Development 137 (7) reporter gene. The luciferase reporter construct was introduced into Pkd1 -/-MEK cells, which showed a drastically reduced level of endogenous MEF2C and MIM expression compared with those in Pkd1 +/+ cells (see Fig. S7B ,C in the supplementary material). Transfection of a Mef2c-expressing plasmid into the Pkd1 -/-cells only minimally stimulated MIM reporter expression; however, MEF2 members have been shown to function together with cell-type specific GATA transcription factors, which recruit MEF2 proteins to promoters through direct interactions between these proteins (Morin et al., 2000) . A candidate for this cofactor is GATA6, also a flowinduced gene that showed reduced expression in Pkd1 -/-MEK cells (see Table S1 and Fig. S7B ,C in the supplementary material). Several GATA sites are present within 500 bp of the MEF2 binding motif in the MIM promoter. Co-transfection of Pkd1 -/-cells with both Mef2c and Gata6, but not either construct alone, stimulated MIM reporter expression by 3-fold (Fig. 3C) . Moreover, overexpression of the non-phosphorylatable HDAC5 (HDAC5 S250/489A -GFP) in Pkd1 +/+ cells strongly repressed MIM expression (Fig. 3D) . The above results suggest that MEF2C and HDAC5 directly regulate MIM expression in MEK cells.
Mef2c and MIM gene disruption in mouse leads to renal tubule dilation and cyst formation
To determine if MEF2C-based transcription is important for kidney epithelial organization and proliferation, we obtained a previously established Mef2c conditional knockout mouse line (Vong et al., 2005) because conventional Mef2c knockout resulted in early embryonic lethality (Lin et al., 1997) . Kidney-specific disruption of Mef2c was accomplished using Sglt2 promoter-driven Cre (Rubera et al., 2004) , which is expressed renal tubules and glomeruli (see Fig.  S8 in the supplementary material). In young Mef2c loxp/loxP Sglt2-Cre mutant mice (up to 2-months-old), histological examination of the kidneys revealed no obvious abnormality (n=20); however, in mice 5-months-old or older, renal abnormalities were clearly observed in 9 out of 12 mice, including broadly distributed dilated tubules (Fig.  4B ,D compared with 4A,C) and small bilateral cysts with flat lining cells ( Fig. 4F compared with 4E ). Marker staining showed that dilated tubules originated from distal tubules, proximal tubules and collecting ducts (Fig. 4H) . Small glomerular cysts were also observed (Fig. 4G) . Dilated tubules or cysts were associated with increased cell proliferation as indicated by Ki67 staining (Fig. 4I) . These defects were not observed in kidneys of wild-type adult mice of the same age. This result indicates that MEF2C is important for the maintenance of normal tissue organization and repression of cell proliferation in differentiated kidney epithelia. To assess the in vivo function of MIM, a MIM genetrap ES cell line was used to generate MIM-deficient mice (see Fig. S9A in the supplementary material). The genetrap was inserted at intron 1, truncating MIM after exon 1. X-gal staining of MIM +/-embryos showed that MIM is expressed abundantly in the embryonic heart, spinal cord, liver and the limb bud (data not shown). In E16.5 embryonic kidneys, MIM is expressed in branching collecting ducts, tubules and glomeruli (see Fig. S9B ,C in the supplementary material). After birth, MIM is significantly expressed in the renal cortex and weakly expressed in the renal medula (see Fig. S9D ,E in the supplementary material). MIM -/-animals appeared normal after birth, but by 5 months, kidneys in 50% of the mutant animals (n=40) exhibited multiple large cysts (Fig. 5B ,C compared with 2A) with RESEARCH ARTICLE Fluid stress signaling in renal epithelial cells flat lining cells (Fig. 5D ). As in Mef2c mutant kidneys, Ki67 staining showed drastically elevated proliferating cells ( Fig. 5F compared with 5I). The above results suggest that MEF2C and its transcriptional targets, such as MIM, are required for preventing hyper-proliferation and cystogenesis in renal tubules. (Fig. 6H ). To test further the possibility that reducing the activity of HDAC5 could suppress cyst formation in Pkd2 -/-embryos, we injected trichostatin A (TSA), a chemical inhibitor against type I and II HDACs (Drummond et al., 2005) , into pregnant Pkd2 +/-female mice from 10.5 dpc after mating with Pkd2 +/-males, and embryonic kidneys were analyzed at 18.5 dpc. In all Pkd2
HDAC5 inhibition suppresses renal cyst formation in
-/-embryos (n=7) from TSA-injected mothers, kidney cyst formation was drastically reduced compared with control DMSO-injected mothers (n=6; Fig. 6F compared with 6G,H) . Even in the much smaller cysts that persisted in the Pkd2 -/-kidneys from TSAtreated mothers, cyst lining cells exhibited a more normal cuboidal morphology as opposed to the flat morphology of Pkd2 -/-cyst lining cells (Fig. 6I-K) . Apart from the above effect on cystic kidneys, TSA injection did not affect the morphology of renal tubules in Pkd2 +/+ embryonic kidneys (Fig. 6E,I ). Immunoblot analysis showed that MIM and MEF2C expression levels were, respectively, 10-fold and 3-fold reduced in E18.5
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-/-embryonic kidneys compared with those in Pkd2 +/+ embryonic kidneys (Fig. 6L) . Pkd2 -/-embryonic kidneys from TSA-treated mothers showed a 4-fold enhanced expression of MEF2C and a drastically increased expression of MIM compared with in Pkd2 -/-kidneys from DMSO-treated mothers (Fig. 6M) , suggesting that TSA stimulated the expression of MEF2C target genes.
DISCUSSION
The results of this study have revealed an unexpected role for HDAC5 and MEF2C as targets of polycystin mechanosensory function in renal epithelial cells. In this pathway, laminar fluid flow across the apical surface of epithelial cells induces phosphorylation and nuclear export of HDAC5 in a polycytin-1-and calciumdependent manner, leading to activation of MEF2C-based transcription (summarized in Fig. 7 ). We found that conditional disruption of Mef2c or genetrap-based inactivation of MIM, one of the transcriptional targets of MEF2C, leads to renal tubule dilation and epithelial cysts in adult mice by 5 months of age, although the number and size of the cysts were not as severe as those in animals with conditional knockout or somatic inactivation of polycystins (Lantinga-van Leeuwen et al., 2007; Piontek et al., 2007; Wu et al., 2000) . Interestingly, it also took 5 months for cysts to occur after inactivation of Pkd1 at postnatal day 14 (Piontek et al., 2007) . These findings support the idea that there might be a developmental factor that contributes to the onset of cystogenesis in adult kidneys. During the preparation of this manuscript, a new paper was published demonstrating that fluid shear stress induced HDAC5 phosphorylation and nuclear export in endothelial cells, although the level of shear stress was ~1000-fold higher than that in renal tubules (Wang et al., 2009) . Therefore, HDAC5 might be a common target of multiple mechanosensory pathways that respond to fluid flow or other mechanical stresses. Many details of this fluid flow sensing pathway in renal epithelial cells remain to be elucidated. For example, we do not yet know which isoform of PKC or other Ca 2+ -regulated kinase directly phosphorylates HDAC5. More important, there is not yet direct evidence supporting the notions that polycystins are the actual sensors of fluid shear stress and that the observed HDAC5 nuclear export was indeed induced by a calcium signal as a result of the channel activity of PC2. A related question is whether cilia are involved in the fluid flow-induced response observed in this study. Although ~40% of the MEK cells had visible cilia (see Fig. S2C in the supplementary material) , the flow-induced HDAC5 nuclear export, which is dependent on calcium channel activation, was consistently observed in 70-80% of the cells. As a previous study involving physical bending of the cilium found that the stress-induced intra-cellular calcium increase can spread from cell to cell (Praetorius and Spring, 2001 ), a definitive experiment addressing the role of cilia in the observed response would probably require a complete inhibition of cilia formation or blocking the intercellular spreading of the calcium signal.
Cardiac hypertrophy in the adult heart is an adaptive mechanism of activation of an embryonic program to improve cardiac pump function in response to an increased workload or mechanical stress (Xu et al., 2006) . The similarity between the cardiac hypertrophy pathway and the response to fluid flow in renal epithelial cells raises a question as to whether cystogenesis in ADPKD could in part be an outcome of a lack of the proper 1081 RESEARCH ARTICLE Fluid stress signaling in renal epithelial cells response to certain stress or an increase in workload on renal epithelial cells. The nephrons are frequently challenged with fluctuations in fluid shear stress and osmotic pressure, and these changes might be enhanced during certain developmental stages or under certain dietary, hormonal or pathological conditions. Renal hypertrophy is a well-known phenomenon that occurs after nephretomy or under other stress conditions (Hostetter, 1995) . A recent study reported that treatment of PCK rats (a recessive PKD model) with 1-deamino-8-D-arginine vasopressin (dDAVP), an agonist of the arginine vasopressin V2 receptor, led to aggravated cystic disease, but the same treatment on wild-type rats resulted in renal hypertrophy (Wang et al., 2008) . This observation and our finding that polycystins regulate a molecular pathway known to be involved in cardiac hypertrophy raise a question as to whether polycystins function at the crossroads between hypertrophy and hyperplasia in renal epithelial cells in response to stress or certain physiological stimuli.
MEF2C-based transcriptional activation leads to increased expression of contractile proteins and metabolic enzymes in cardiac tissues. If there is indeed a similar hypertrophic pathway in the kidney, MEF2C might cooperate with other tissue-specific transcription factors, such as GATA6, to control the expression of genes involved in strengthening the differentiated state of renal epithelial tubules in response to stress. Consistent with this, MIM, a founding member of the family of IMD-containing actin binding proteins, as well as another member of this family, BAIAP2L1 (see Table S1 in the supplementary material), were found to be a MEF2C target in epithelial cells. The IMD domain has the ability to induce membrane deformation and actin bundling in cultured cells (Machesky and Johnston, 2007) . IMD proteins also possess a COOH-terminal WASP homology 2 (WH2) domain, which binds monomeric actin, and thus might be involved in actin polymerization. The actin cytoskeleton plays important roles in almost every aspect of epithelial cell and tissue organization (Leiser and Molitoris, 1993) . Actin structures built through MIM and BAIAP2L1 might serve to strengthen epithelial cell polarity or cell-cell and cell-matrix interactions within epithelial tissues. Interestingly, several actin-interacting proteins (a-actinin, tropomysoin, troponin, mDia1, etc.) were found to bind polycystins and some were shown to modulate PC2 channel activity (Li et al., 2003a; Li et al., 2005a; Li et al., 2003b; Rundle et al., 2004) . A recent study reported that polycystins regulate pressure sensing through stretch-activated channels in myocytes and this function requires an intact actin cytoskeleton and the actin-binding protein filamin (Sharif-Naeini et al., 2009) . Therefore, it is also possible that the actin-regulatory activities of MIM and BAIAP2L1 are, in turn, involved in polycystinmediated signaling, with the membrane-bending activity of IMD domains directly modulating the tension in the plasma membrane. The function of MIM might extend beyond cytoskeletal regulation; however, as in MIM -/-mouse kidneys, hyperproliferation was evident in renal tubules. Also known as basal cell carcinoma-enriched gene 4 (BEG4), MIM was previously shown to be a target and modulator of sonic hedgehog (SHH) signaling in the skin (Callahan et al., 2004) . A role in SHH signaling could underlie increased cell proliferation in MIM -/-kidneys.
Although MEF2C was the only MEF2 member whose expression level was found to increase in response to fluid flow in our microarray analysis, MEF2A, which functions in parallel with MEF2C in regulating cardiac hypertrophy (Xu et al., 2006) , is also expressed in MEK cells (data not shown). The functional redundancy of MEF2C and MEF2A (Piontek et al., 2007) might account for the much milder cystic phenotype in Mef2c knockout kidneys than in polycystin knockout mice. Alternatively, this might be explained by the fact that Sglt2-Cre was not expressed in any renal tubules (see Fig. S8 in the supplementary material) and that MEF2C activation is likely to be one of several downstream pathways regulated by polycystins and important for the maintenance of epithelial architecture. Although the reduction in cyst severity in Pkd2 -/-embryonic kidneys caused by Hdac5 heterozygosity is consistent with our proposed epistatic relationship between Pkd2 and Hdac5, this result does not rule out potential regulation by other members of the class II HDAC family. Furthermore, it is known that Class IIa HDACs, such as HDAC5, lack intrinsic enzymatic activity and require complex formation with HDAC3, a class I HDAC that is sensitive to TSA, for their transcriptional repression activity (Fischle et al., 2002) . The restoration of the MIM expression level in TSA-treated Pkd2 -/-embryonic kidneys is consistent with stimulation of MEF2C target gene expression through functional inhibition of HDAC5 or other class IIa HDACs. This might tip the balance toward upregulation of MEF2 target genes, leading to reinforcement of epithelial differentiation and suppression of cell proliferation. The anti-proliferative effect of HDAC inhibitors is in fact the basis for clinical studies of these molecules in anticancer therapies (Johnstone, 2002) . Our findings raise the possibility that HDAC inhibitors could be explored as therapeutic agents for the treatment of ADPKD.
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